A simple potentiometric method for determining the free acidity without complexation in the presence of hydrolysable metal ions and sequentially determining the plutonium concentration by a direct spectrophotometric method using a single aliquot was developed. Interference from the major fission products, which are susceptible to hydrolysis at lower acidities, had been investigated in the free acidity measurement. This method is applicable for determining the free acidity over a wide range of nitric acid concentrations as well as the plutonium concentration in the irradiated fuel solution prior to solvent extraction. Since no complexing agent is introduced during the measurement of the free acidity, the purification step is eliminated during the plutonium estimation, and the resultant analytical waste is free from corrosive chemicals and any complexing agent. Hence, uranium and plutonium can be easily recovered from analytical waste by the conventional solvent extraction method. The error involved in determining the free acidity and plutonium is within ±1% and thus this method is superior to the complexation method for routine analysis of plant samples and is also amenable for remote analysis.
Introduction
Mixed carbide fuel containing 70% plutonium and 30% uranium is being used as the driver fuel in the Fast Breeder Test Reactor (FBTR) at Kalpakkam, India. The spent fuel of different burn up discharged from FBTR is reprocessed in the Compact Reprocessing facility for Advanced fuel in a lead shielded cell (CORAL) using the PUREX process. [1] [2] [3] [4] In this process, irradiated fuel pin is chopped into small pieces and dissolved in 11 M nitric acid under the reflux condition. An irradiated fuel solution contains uranium, plutonium, minor actinides and fission products in the form of their respective nitrates in addition to insoluble residue comprising fines of clad material and intermetallic alloys, mainly of palladium, ruthenium and zirconium. The insoluble residue present in the fuel solution is removed in a feed clarification step using a high-speed centrifuge. The resultant solution from feed clarification step is subjected to a solvent-extraction process to separate uranium and plutonium from the bulk of the fission products, minor actinides and lanthanides. A high acid flow sheet condition is essential to obtain an improved decontamination factor with respect to ruthenium in the case of spent fuels of fast reactors owing to its high yield in fast neutron spectrum and high burn up. 5 Therefore, the acidity of the feed solution before the solvent-extraction process plays an important role in obtaining the desired decontamination factor of U and Pu with respect to the fission products and minimizing the loss of plutonium in raffinate stream. To prevent precipitation of the solution containing hydrolysable ions during storage, an optimum value of acidity is required. Hence, the acid content of the solution must be within a definite range and must be determined precisely. The hydrolysis of heavy metal ions such as uranium, plutonium, fission products, minor actinides and corrosion products like iron, chromium and cobalt interfere in determining the free acidity. 6 The methods reported in the literature for estimating the free acidity are based on alkalimetric titration after complexing the heavy metal ion or removing the metal ion from the solution using an ion-exchange technique. 7, 8 In reprocessing plants, corrosive chemicals such as sulfate, fluoride, oxalate and thiocyanate are employed as complexing agents for heavy metal ions in the routine analysis of plant samples during the free acidity determination.
Since the spent fuels from fast reactors contain high Pu content, the probability of splitting the loaded organic phase (third-phase formation) is greater due to the limited solubility of the plutonium solvate complex in the organic phase. 9 Hence, the accuracy involved in determining the Pu concentration is very important to eliminate the probability of any third-phase formation. The formation of third phase during the solvent-extraction step is avoided by modifying the aqueous and organic flow rates (a/o ratio) in such a way that the net loading of Pu in the organic phase is below its solubility limit. Powerful instrumental techniques such as inductively coupled plasma mass spectrometry (ICP-MS), 10 ,11 alpha spectrometry, energy-dispersive X-ray fluorescence with high precision and accuracy, are reported in the literature for the analysis of the Pu concentration present in irradiated fuel solutions. These techniques require expensive instrumentation and maintenance and are associated with a greater number of steps. The analysis of Pu by these techniques requires extensive purification of U and Pu from the fission products and minor actinides. Further, determining the Pu concentration in the dissolver solution is challenging, as it is associated with a high level of radio activity due to high burn up (100 -150 GWd/t) and a low cooling period (2 -3 years) of the spent fuel discharged from fast-breeder reactors. In the present work, systematic study was carried out to determine the free acidity and plutonium concentration sequentially in the same aliquot of the dissolver sample without employing corrosive and complexing chemicals with the view for the reducing collective dose. The methodology adopted for analyzing the free acidity and plutonium is described in detail. The major advantage of the developed method is that the analytical waste generated during determining the free acidity and Pu concentration can be treated as a diluted virgin and readily mixed with feed tank in the plant for the recovery of Pu and U by the conventional solvent-extraction method.
Experimental

Chemicals and reagents
The chemicals used were of analytical reagent grade and double-distilled water was used for the preparation of reagents and standards. A sodium hydroxide solution was standardized by titrating against potassium hydrogen phthalate using phenolphthalein as an indicator. A uranyl nitrate solution was prepared by dissolving uranium oxide powder (obtained from NFC, Hyderabad) in 10 M nitric acid. The uranium content in the stock solution was estimated either by a redox titrimetric or spectrophotometric method, depending on the concentration. 13, 14 A stock solution of ruthenium nitrosyl trinitrate (18 g/L supplied by M/s. Arora Matthey, Kolkata) was diluted and used in this study. Chemicals such as zirconium nitrate and ferric nitrate (M/s. Loba Chemie, Mumbai) were accurately weighed and dissolved in dilute nitric acid and ceric ammonium nitrate (Merck) was dissolved in water to obtain the required concentration.
Preparation of plutonium nitrate solution
The nuclear-grade plutonium oxide powder used in this study was prepared by the calcination of plutonium(IV) oxalate cake obtained by reprocessing of the spent fuel from FBTR at 500 C. Owing to the toxic nature of plutonium, extreme care was taken in handling and all experiments with solid plutonium dioxide were carried out in a glove box. A weighed quantity of plutonium oxide was dissolved in a mixture of 11 M nitric acid and 0.1 M hydrogen fluoride at 85 -90 C in a 100-mL teflon beaker. A plutonium nitrate solution thus obtained was separated from americium by employing an anion-exchange separation procedure using Dowex 1 × 8 in a nitric acid medium. 15 The plutonium content in the purified stock solution was determined by a redox titrimetric method using fuming perchloric acid as the oxidizing agent.
Instrumental analysis
A high-resolution and precise Systronics pH system 361 was used for carrying out all acid base titrations. The combination of a pH electrode with a glass membrane and a Ag/AgCl reference electrode was employed in these titrations. The glass combination electrode system was calibrated using a buffer solution of potassium hydrogen phthalate (pH 4.2), potassium phosphate (pH 7) and sodium borax (pH 9). A high-resolution UV-Visible spectrophotometer (Ocean Optics USB 4000 Model) was used for all spectrophotometric determinations of the plutonium concentration. An alpha scintillation counter with a ZnS(Ag) detector, supplied by M/s. Nucleonix, Hyderabad, was used for determining the plutonium concentration by the alpha counting method.
Determination of free acidity
To determine the free acidity of the sample containing hydrolysable metal ions in a non-complexing medium, a stock solution of nitric acid was prepared with pH 2.0 and titration was performed at the pre-determined end point pH of 2.0. Then 20 mL of the stock solution was aliquoted exactly using a transferable pipette into the titration vessel kept over magnetic stirring unit and glass electrode assembly was lowered into the solution. Exactly 0.1 mL of the aliquot from the test sample containing 25 g/L of uranyl nitrate in a 4 M nitric acid solution was added and titration was carried out by adding a standardized NaOH solution from a burette up to the pre-determined end point of the initial pH (2.0). This titration was repeated at least three times, and the average of the titer values was taken for calculating the free acidity. A similar procedure was adopted to estimate the free acidity in the same uranyl nitrate solution containing definite quantities of iron and other metal ion such as Zr and Ru which would be present in the dissolver solution and interfere in the determination of free acidity due to their tendency to undergo hydrolysis at a lower acidity region. The free acidity of the sample was also determined at the predetermined end-point pH value of 3.0 as well as by the standard method of using potassium oxalate as the complexing agent. 16 
Sequential determination of the free acidity and plutonium concentration in a simulated feed solution
The typical composition of the dissolver solution of FBTR spent fuel with burn ups of 100 -155 GWd/t is 17 The concentration of Ru and Zr in the spent fuel is expected to vary in the range of 6.25 -12.5 mg/g of the fuel U + Pu, depending on the burn-up and cooling time. Hence, experiments were carried out using the feed solution simulated with 1.0 g/L of Zr, 1.0 g/L of Ru, 0.4 g/L of iron and 35 g/L of Pu and 20 g/L of uranium. These elements are highly susceptible to hydrolysis under lower acidity conditions. The free acidity of the solution was initially determined at an end point pH of 2, and the total volume of the resultant solution after the addition of NaOH (for the titration) was precisely measured. To 2.5 mL of the solution resulting the free acidity determination, concentrated nitric acid (5 mM) and 1.25 mL of ceric ammonium nitrate (1 M) were added and made up to 5 mL. The plutonium concentration in this solution was determined by measuring the absorbance at 827 nm against a blank solution. 18, 19 A base line correction was made by subtracting the absorbance value at 835 nm from that at 827 nm. The Pu concentration was calculated using
where Aλ827 and Aλ835 are the absorbance at the respective wavelength. d.f is the dilution factor The plutonium concentration in the resultant solution after a free acidity determination at the end point of pH 2.0 was estimated using the following standard procedure. The different oxidation state of the plutonium was adjusted to the Pu 4+ state using sodium nitrite, and it was selectively extracted into 0.5 M Theonyl Trifluoro Acetone (TTA) diluted with o-xylene. Exactly 100 μL of the TTA layer loaded with plutonium was planchetted on hot SS discs. They were dried on a hot plate, and the dried planchets were fired on a Bunsen flame and cooled. The alpha activity in the planchet was counted using an alpha scintillation counter. From the alpha activity, the Pu concentration was calculated using
[Pu] in g/L= (100/η)× (net mean counts/specific activity of Pu)
where η is the efficiency of alpha counter.
Determination of the free acidity and plutonium concentration in an actual plant sample
Exactly 20 mL of 0.01 M nitric acid (pH preadjusted to 2.0) was pipetted out into the titration flask. To this, 0.1 mL of a dissolver solution was added, and titrated against the standardized NaOH solution until the pH of the solution increased to 2.0. From the weight of NaOH consumed, the free acidity of the solution was calculated. After a free-acidity determination, 2.5 mL of the solution from titration flask was transferred into a volumetric flask. Ceric ammonium nitrate (1.25 mM) and nitric acid (5 mM) were added and made up to 5 mL. The absorbance was measured at 827 nm against a blank solution. The dissolver solution was also analyzed for free acidity after complexing the interfering ions by potassium oxalate, and Pu was estimated by radiometric counting method after the removal of fission products and minor actinides from Pu by the solvent-extraction method.
Results and Discussion
The term "free acidity" is defined as the concentration of acid determined in a solution after suppressing the hydrolysis of heavy metal ions present in the solution. In the case of a solution obtained by dissolution of spent fuel, free acidity is the amount of acid determined, after preventing the hydrolysis of plutonium, uranium, fission products, minor actinides and trivalent lanthanides.
In all the measurements, the end point obtained with NaOH as the titrant was at pH 2 or 3. The interference of heavy metal ions due to hydrolysis was not observed in the non-complexing medium below pH 3.0. This indicates that in the vicinity of pH 2 -3 the hydrolysis of metal nitrates does not occur, and hence the free acidity determined in the solution containing U, Pu and fission products at this pH range of 2 -3 is in good agreement (within ±1%) with that determined using oxalate as the complexing agent at pH 7.0 as the end point. As fission products having a high ionic potential such as zirconium and ruthenium are susceptible to hydrolysis at a lower acidic range, interference studies were conducted with these metal ions in the concentration range envisaged for the spent fuels of fast-breeder reactors. The effect of Zr and Ru in the concentration range 20 -100 μg on the determination of free acidity in the acidic solution comprising uranium and iron in fixed quantities at the end point pH 2 and 3 are compared in Tables 1 and 2 , respectively. The influence of Zr and Ru, U and Fe on the determination of the free acidity by complexing with oxalate ions at the end point pH as 7.0 is also given in Tables 1 and 2 ) and corrosion products (Fe 3+ , Cr 3+ ). The results revealed that the free acidity at the end point pH 2.0 is in excellent agreement with that obtained using potassium oxalate as a complexing agent at the end-point pH 7.0. Tables 1 and 2 also indicate that the free acidity values measured in the presence of Zr and Ru at end-point pH 3.0 were within the range of values obtained at the end-point pH 7.0 after masking the interfering ions by the complexing agent. Thus, it is confirmed that heavy metal ions such as uranium, zirconium, ruthenium and other trivalent metal ions do not interfere in the estimation of the free acidity at lower end-point values. However, the results obtained at end-point pH 3.0 are positively biased and degree of the bias increases with increasing the zirconium and ruthenium concentrations. The reason may be attributed to the hydrolysis of these metal ions starts in the vicinity of pH 3.0. Hence, it is preferred to restrict the end point at pH 2. FBTR fuels with a burn up of 155 GWd/t and after a cooling period of 2 -3 years. After determining the free acidity of the sample at the end-point pH 2.0 without any complexation, the same solution was used to determine plutonium concentration by direct spectrophotometric method. The results obtained during a sequential determination of the free acidity and plutonium concentration are presented in Table 3 . The results were found to be in reasonably good agreement with those values determined using the standard procedure. The values of the free acidity as well as the concentration of plutonium determined for the actual dissolver solution by the method developed in the present work are given in Table 4 . The results are in good agreement with those values obtained by the standard procedure, thereby revealing that the fuel and fission products do not interfere with free-acidity determination at the end-point pH 2.0 (without complexation) and Pu concentration determination by direct spectrophotometric method using the developed procedure. The free acidity values presented in Table 4 for the plant sample determined after complexing with potassium oxalate are slightly positive biased on the values obtained at the end-point pH 2.0. The reason is attributed to that the buffer action developed by potassium oxalate due to the absorption of atmospheric carbon dioxide on the storage. The concentration of Pu in the samples of dissolver solution could be measured within an accuracy of <1% when compared to the values obtained by the conventional radiometric method. The typical absorption spectra corresponding to five measurements (n = 5) in a sequential determination of the Pu(VI) concentration in the dissolver solution with the same dilution factor are shown in Fig 1. The net absorption at the wavelength maximum (λ827nm) as well as the concentration of plutonium determined by employing the direct spectrophotometric method had a precision of ±0.5%. The method proposed in this work for the sequential determination of the free acidity and plutonium concentration will not generate any radioactive waste with corrosive chemicals. Since it is possible to determine both the free acidity and the Pu concentration using a single aliquot, this method decreases the radiation exposure drastically to operators involved in the analysis of samples. The analytical waste produced can be treated as diluted virgin samples, and transferred to a process tank for the recovery of valuable fuel materials, U and Pu, by the conventional solvent-extraction method.
Conclusion
A simple analytical procedure has been developed for the sequential determination of the free acidity without any complexation by the titrimetry and plutonium concentration using the same aliquot by the spectrophotometric method. This method can be employed for a wide range of nitric acid concentrations and the Pu content in the feed solution before the solvent-extraction step during the reprocessing of spent fuels discharged from fast breeder reactors. The determination of the Pu concentration in the feed stream before the solvent-extraction step is a difficult task due to the high radiation field associated with the spent fuel in addition to the presence of interfering minor actinides. A quantitative estimation of the Pu concentration by the developed spectrophotometric method assumes importance since any additional purification step required for the separation of Pu from the fission products and minor actinides prior to the determination of the Pu concentration a. 0.1 mL of aliquot from dissolver sample of spent fuel with 155 GWd/t discharged from FBTR in reaction medium containing 20 mL of 0.1 M potassium oxalate pre adjusted with pH of 7.0. b. 0.1 mL of aliquot from dissolver sample of spent fuel with 155 GWd/t discharged from FBTR in reaction medium containing 20 mL of 0.01 M HNO3. c. 2.5 mL of resultant solution after determination of free acidity without complexation method + 1.25 mM ceric ammonium nitrate +5 mM nitric acid and finally made to 5 mL using dil. HNO3. Net dilution factor = 400. SD: Standard deviation. by the conventional radiometric counting method is completely eliminated. The determination of the free acidity without complexation facilitates one to curtail the procedure for treating the resulting analytical waste. The highly precise and accurate results obtained for the sequential determination of the free acidity and the plutonium concentration in the simulated as well as actual plant samples imply that the analytical method developed can be implemented in the aqueous reprocessing of spent fuels of fast-breeder reactors in order to reduce the collective dose as well as the burden in waste management.
